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E-mail address: ajith@aero.iisc.ernet.in (V. Ajith).A wave-based method is developed to quantify the defect due to porosity and also to locate the porous
regions, in a composite beam-type structure. Wave propagation problem for a porous laminated compos-
ite beam is modeled using spectral ﬁnite element method (SFEM), based on the modiﬁed rule of mixture
approach, which is used to include the effect of porosity on the stiffness and density of the composite
beam structure. The material properties are obtained from the modiﬁed rule of mixture model, which
are used in a conventional SFEM to develop a new model for solving wave propagation problems in por-
ous laminated composite beam. The inﬂuence of the porosity content on the group speed and also the
effect of variation in theses parameters on the time responses are studied ﬁrst, in the forward problem.
The change in the time responses with the change in the porosity of the structure is used as a parameter
to ﬁnd the porosity content in a composite beam. The actual measured response from a structure and the
numerically obtained time responses are used for the estimation of porosity, by solving a nonlinear opti-
mization problem. The effect of the length of the porous region (in the propagation direction), on the time
responses, is studied. The damage force indicator technique is used to locate the porous region in a beam
and also to ﬁnd its length, using the measured wave propagation responses.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Porosity is one of the most common imperfections in compos-
ites reinforced with continuous ﬁbers. Voids and porosity develop
in composite laminates, mainly due to insufﬁcient pressure, during
curing. There are some other factors such as, chemical composi-
tion, method of mixing the binder and preparation of the prepreg,
mechanical treatment, conﬁguration and thickness of the compos-
ite laminate, method of creating molding pressure, moisture con-
tent and number of gates used, which cause the void formation.
Hence, it is difﬁcult to control the amount of porosity content in
composites. The mechanical performance of the composite struc-
tures is always being affected by the porosity content in the struc-
ture. In fact, there is a severe demand for a method, which
quantiﬁes the amount of porosity in a composite laminate.
There are many methods, reported in the literature that quanti-
ﬁes the effect of mechanical properties with varying porosity con-
tent in an isotropic structure. Determination of effective elastic
moduli for a slightly porous material with random distribution of
small spherical shells can be found in MacKenzie (1950). Hashin
(1962) considered the problem of a ﬁnite concentration of spheri-
cal elastic inclusions in an elastic medium, and obtained boundsll rights reserved.
: +91 80 3600134.for the moduli. Ramakrishnan and Arunachalam (1990) found the
relations for ﬁnding the effective shear moduli in a porous med-
ium, starting from the equations developed by Sve (1973) pro-
posed a model for periodically laminated porous composites and
presented the dispersion and attenuation relations in the low fre-
quency region. Paley and Aboudi (1992) used the original method
of cells to study inelastic normal, dilatational and shear response of
porous, elastic perfectly-plastic and elastoplastic work hardening
solids (spherical pore geometry only) and Herakovich and Baxter
(1999) extended this to different pore geometry (cylinder, cube
and cross). There are many other methods available in the litera-
ture (Stein et al., 2003; Dong, 2006) to ﬁnd the effective properties
in periodic composite structures. Rubin and Jerina (1994) devel-
oped an analytical model, which takes into account the properties
of a non porous laminate, and using the thermomechanical theory
of elastic composites with diffused damage, the effective elastic
constants of a material is evaluated. In this model, the porosity is
described using a second-order tensor variable whose determina-
tion requires some experimental results. All the models mentioned
above has both advantages and disadvantages and the selection of
the models for a particular application, entirely depends on our ﬁ-
nal target. However, in this work, the main aim is to formulate a
simple porosity model for a laminated composite beam, which
blends well with the SFEM due to the ability of SFEM to perform
inverse problem such as porosity estimation. Among the different
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cro mechanical models are important due to its simplicity in the
modeling and accuracy of the results. All the material parameters
used in the micro mechanical models can either be estimated or
measured directly. Moreover, it is very easy to accommodate these
models in the frame of a ﬁnite element analysis. Hence, we select a
modiﬁed rule of mixture model, reported in the references of
Madsen and Lilholt (2003), Madsen et al. (2007) and Madsen
et al. (2009), to include the effect of porosity in a structure, on
the mechanical properties of the structure.
In aircraft structures, it is not advisable for the structures, to
have high porosity content, since it can initiate common defects
in composites such as, delamination, matrix cracks, etc. Hence,
the amount of porosity in a structure needs to be quantiﬁed as a
part of structural health monitoring. In the archival of literature,
no numerical models are available, which can actually estimate
the porosity content in a structure, especially when the porosity
content is very low. The low porous composite structure shows
only a very minor deviation in the mechanical properties from
the healthy structure. The presence of porosity causes small stiff-
ness change. There are several articles in the archival of literature,
which discuss the shift in the natural frequencies due to some
damage in the structures and in fact a signiﬁcant research has been
reported on the effect of delamination on natural frequencies and
mode shapes (Lakshmi Narayana and Jebraj, 1999; Tracy and Pad-
oen, 1989). These models are inadequate to detect very small dam-
ages, which causes a shift only in the high frequency modes.
However, in the area of structural health monitoring, the high fre-
quency wave propagation responses, which are very sensitive to
small stiffness changes, is being used extensively to detect small
defects in structures (Gopalakrishnan et al., 2008; Nag et al.,
2003; Ostachowicz, 2005). Hence, in this paper, we use the high
frequency wave propagation analysis to detect the low porosity
content in composite beam structures. The high frequency re-
sponse analysis, using conventional ﬁnite element method is com-
putationally expensive since the maximum possible size of the
ﬁnite element depends on the wavelength of the propagating wave
(Gopalakrishnan et al., 2008; Horr and Saﬁ, 2003). Here, the mod-
eling involves a crude error-bound approximation due to the
numerical stability limit in computation. Further, there are many
modeling methods developed for the high frequency wave propa-
gation analysis. Pao et al. (1999) used the concept of scattering
and reverberation matrices and Nagem and Williams (1989) used
the method of transfer function matrix and joint coupling matrix.
Even though these models are excellent in incorporating the effects
of higher modes, generalization of such model to matrix methodol-
ogy based method becomes very complicated, when joints and dis-
continuities of different types exist in a structure. The severe
demand for a simple and accurate model for the high frequency
analysis resulted in the development of SFEM. SFEM uses exact
solution of the governing equation in the frequency domain as
interpolation function for element formulation. By transforming
the distributed parameters from time domain to frequency do-
main, the transient dynamics in the system deﬁned by a PDE, be-
comes a set of ODEs, which are easy to solve. Also SFEM, due to
its ability to accurately model the inertial distribution of the struc-
ture, requires very small system size to model and obtain deter-
ministic responses, especially for high frequency content loads.
SFEM combines the accuracy of the conventional spectral analysis
and geometric ﬂexibility of the ﬁnite element methods. Doyle
(1988) used this model, for the longitudinal wave propagation in
isotropic rod and Doyle and Farris (1990) extended this model
for the case of ﬂexural wave propagation in an isotropic beam.
The high frequency wave propagation analysis of composite
beams, using SFEM can be found in Mahapatra et al. (2000). SFEM
can be used effectively for detecting the small scale damages,which can be found in the following references. Nag et al. (2003)
developed a model for modeling a through-width in-plane delam-
ination in a composite beam, using SFEM. The method used for
modeling delamination is, to subdivide the beam into a delamina-
tion region (sub-laminates) and two integral regions (base-lami-
nates) on either side of delamination region. The kinematics
followed in the model is similar to that used in Majumdar and Sur-
yanarayan (1988), Tracy and Padoen (1989), Farris and Doyle
(1991) and Chakraborty et al. (2002). A method to model trans-
verse crack in a composite beam can be found in Sreekanth Kumar
et al. (2004).
In the present work, we focus our study to estimate porosity
content and to locate the porous region using wave propagation
analysis. The material property change due to the presence of
porosity in a structure is very small and as already explained in
the previous paragraph, vibration based low frequency methods
are in adequate to sense this minor change due to the porosity con-
tent. Here, in the wave based method, the basic idea is that the por-
ous region in a structure causes stiffness change, which can be
sensed by the high frequency wave responses. The method is sim-
ilar to the method used for the detection of small scale delamina-
tion using SFEM (Nag et al., 2003). Wave scattering has been used
very effectively for detecting damage such as delamination, its
location or extent in composite structures. Here, the model uses
either semi-inﬁnite or very long beam segments to eliminate the
effects of boundary reﬂections. However, in the case of a ﬁnite real
structure, the presence of many boundary reﬂections makes this
method difﬁcult to identify the scattered wave form due to dam-
age. Another way to handle the damage identiﬁcation task is to
start with a transfer function or frequency response function
(FRF) and construct certain measures to estimate the state of dam-
age. SFEM is a frequency domain analysis and it is ideally suited to
such problems since FRFs are the direct bye-products of the ap-
proach. In this context, the parameter called damage force indica-
tor (Schulz et al., 1998; Nag et al., 2002), which uses the dynamic
stiffness matrix of the reference healthy structure along with the
nodal displacements of the damaged structure in the frequency do-
main, to bound the damage location within the region of sensing
points, will be a useful measure for detecting the porous region.
Here, we need to use only lower number of sensors since the num-
ber of measurements complying with SFEM dof is many orders
smaller than that required when using conventional FEM. In the
present work, we use both wave scattering and the damage force
indicator methods, to locate and quantify the porosity content in
a composite beam. Through this comparison, we can comment
on the efﬁciency of this method for locating the porous region in
a laminate.
In this work, we develop a model, which attempts to quantify
the amount of porosity in a composite beam structure and also
to locate the porous region in the structure, using the principle
of wave propagation. Here, we use SFEM for the wave propagation
analysis of a laminated composite beam, with the help of the mod-
iﬁed rule of mixture approach, for deﬁning the composite material
properties that includes the effect of porosity. The paper is orga-
nized as follows. First, the modiﬁed rule of mixture that include
the porosity and the formulation of a basic composite spectral
beam element are described in consecutive sections, which is fol-
lowed by a section, where the model is validated by comparing
the results obtained from the model, with the experimental results.
Then, a study is conducted to obtain a clear idea about the varia-
tion of different wave parameters like, group speeds and time re-
sponses, with the change in the amount of porosity content in a
structure, where the whole structure is assumed to be porous. This
numerical model is then used for quantifying the porosity content
in a structure as a parameter identiﬁcation problem, by solving a
nonlinear optimization problem. Here, the measured response is
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numerical model of the structure. The squared difference in the
two responses represents the cost function, which is minimized,
where the design variables are the effective material properties ob-
tained from the modiﬁed rule of mixture model. In the next study,
we consider a portion of the beam to be porous and study the effect
of the variation of the wave response (time responses) with the
change in the length of the porous region. Finally, the damage
due to porosity is quantiﬁed and located using the concept of dam-
age force, as in the reference, Gopalakrishnan et al. (2008). Here,
actually the dynamic stiffness matrix of the reference healthy
structure along with the measured nodal displacements of the por-
ous structure are required to ﬁnd which elements contain porous
region.2. Modiﬁed rule of mixture model
Here, there are two stages in the development of the model.
First, the effective mechanical properties of the porous composite
structure is obtained using the modiﬁed rule of mixture model
(Madsen et al., 2009; Madsen and Lilholt, 2003), and then the ob-
tained properties are used in the development of the spectral ﬁnite
element model (Gopalakrishnan et al., 2008).
In the rule of mixture approach, weight fraction of ﬁber is con-
sidered as the independent variable. The volume fractions of the ﬁ-
ber, matrix and porosity (Vf , Vm, Vp, respectively) are governed by
the densities of ﬁbers and matrix (qf , qm) and the ﬁber correlated
and matrix correlated porosity constants (apf , apm, respectively)
that are related to the composite microstructure. Examples of ﬁber
correlated porosity is air-ﬁlled cavities inside the ﬁbers and air-
ﬁlled cavities at the matrix ﬁber interface. An example of matrix
correlated porosity is air-ﬁlled cavities in the matrix. The volume
fraction of ﬁber reaches a maximum value, corresponding to a
weight fraction of the ﬁber, which is called the transition weight
fraction. The porosity phase below this transition weight fraction
is referred to as processing related porosity. After the transition
point, an additional porosity phase, called structural porosity, is
developed due to the situation, where the available matrix volume
is insufﬁcient to ﬁll the free space in the fully compacted assembly.
The key equations of the volumetric interaction model are
(Madsen et al., 2009), for Wf6Wftransition
Vf ¼ WfqmWfqmð1þ apf Þ þ ð1Wf Þqf ð1þ apmÞ
ð1Þ
Vm ¼
ð1Wf Þqf
Wfqmð1þ apf Þ þ ð1Wf Þqf ð1þ apmÞ
ð2Þ
Vp ¼
Wfqmapf ð1Wf Þqfapm
Wfqmð1þ apf Þ þ ð1Wf Þqf ð1þ apmÞ
ð3Þ
and when, WfPWftransition
Vf ¼ Vfmax ð4Þ
Vm ¼ Vfmax
ð1Wf Þqf
Wfqm
ð5Þ
Vp ¼ 1 Vfmax 1þ
ð1Wf Þqf
Wfqm
 
ð6Þ
and
Wftransition ¼
ðVfmaxÞqf ð1þ apmÞ
Vfmaxqf ð1þ apmÞ  Vfmaxqmð1þ apf Þ þ qm
ð7ÞThe axial and transverse stiffness are calculated by the modiﬁed
rule of mixture model (Madsen and Lilholt, 2003)
Eaxial ¼ ðVf Ef þ VmEmÞð1 VpÞn ð8Þ
Etransverse ¼ ðEf EmÞð1 Vf ÞEf þ Vf Em
 
ð1 VpÞn ð9Þ
where, Ef and Em are the ﬁber and matrix stiffness values, and the
value of n is assumed to be 2 as in MacKenzie (1950). Here, the
effective stiffness is calculated by simulating the effect of porosity
as an inclusion of spherical holes into the material.
The composite density is obtained by the expression (Madsen
et al., 2007),
qc ¼
Vf
Wf
qf ð10Þ
These expressions for the composite stiffness and density, are in-
cluded in the development of the SFEM (Mahapatra et al., 2000).
3. Spectral ﬁnite element method
The governing equations of the wave propagation analysis are
ﬁrst converted to the frequency domain and the resulting ordinary
differential equation is solved. The exact solution to the governing
ODE is used as the interpolating function in frequency domain,
which is used to compute the dynamic stiffness. First, the dynamic
stiffness equation is solved for unit impulses to determine the fre-
quency response function, which is convolved with load to obtain
the output. Finally, the inverse transform is performed on the out-
put for obtaining the time histories. The spectral elements, so
developed can span all the way from one joint to other no matter
how long the joints are about and the system size is many orders
smaller than the conventional FEM. This approach is explained in
an elaborate manner in Gopalakrishnan et al. (2008). In this sec-
tion, we brieﬂy discuss the formulation of spectral beam element
formulation, which will be used for obtaining the responses. Both
beam models, namely elementary and Timoshenko beam models
are brieﬂy presented.
Considering the composite beam as elementary, the governing
PDE is given by (Mahapatra et al., 2000)
qA
@2u0
@t2
 A11 @
2u0
@x2
þ B11 @
3w
@x3
¼ 0; ð11Þ
qA
@2w
@t2
 B11 @
3u0
@x3
þ D11 @
4w
@x4
¼ 0; ð12Þ
and the corresponding force boundary conditions are obtained as,
A11
@u0
@x
 B11 @
2w
@x2
¼ Nx; ð13Þ
B11
@2u0
@x2
 D11 @
3w
@x3
¼ Vx; ð14Þ
B11 @u
0
@x
þ D11 @
2w
@x2
¼ Mx; ð15Þ
½Aij;Bij;Dij ¼
Z h=2
h=2
Qij½1; z; z2bdz ð16Þ
where Qij are the orthotropic elastic coefﬁcients for the individual
composite ply and can be found in Reddy (1997), h is the depth of
the beam, b is the layer width and A is the cross-sectional area of
the beam. Nx, Vx and Mx are the axial force, shear force and bending
moment, respectively. The representation of the solution by dis-
crete Fourier transform is of the form,
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XN
n¼1
u^nðx;xnÞeixnt ¼
XN
n¼1
X6
j¼1
~ujeikjx
 !
eixnt; ð17Þ
wðx; tÞ ¼
XN
n¼1
w^nðx;xnÞeixnt ¼
XN
n¼1
X6
j¼1
~wjeikjx
 !
eixnt ; ð18Þ
u0 and w are the axial and transverse displacement of the reference
plane,xn is the frequency at nth sampling point, kj is the wavenum-
ber associated with the jth mode of wave (forward or backward
propagating or decaying mode). Wavenumbers can be obtained by
substituting ﬁeld variables in the governing differential equations.
u^nðx;xnÞ represents the spectral amplitude of the axial displace-
ment and w^nðx;xnÞ is the corresponding spectral amplitude of the
transverse displacement. ~uj and ~wj represents the wave coefﬁcient
associated with jth mode of the wave, in the axial displacement
solution and the transverse displacement solution, respectively.
Substituting the ﬁeld variables in the governing differential equa-
tions, we get the characteristic equation as follows
F^ðkjÞeUj ¼ 0 ð19Þ
where F^ðkjÞ is a 2 2 matrix, which is given by,
ðc2a x2nÞ ic3c k3j =xn
ic3c k3j =xn ðc4bk4j =xnÞ x2n
 !
In the above equations ca and cb are the phase speeds of axial and
ﬂexural, respectively. They are expressed as
ca ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A11=qA
p
; cb ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D11x2n=qA
4
q
;
and the phase speed of the induced dispersive wave due to unsym-
metric ply orientation causing axial-ﬂexural coupling is deﬁned as
cc =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
xnB11=qA3
p
eUj ¼ ½~uj; ~wj; ~/jT ð20Þ
represents the wave coefﬁcient vector associated with j the mode of
the wave. For Euler–Bernoulli beam, /ðx; tÞ= wðx; tÞ;x. From Eq. (19),
the condition for non-trivial solution of the displacement ﬁeld is,
Det(FðkjÞ)=0, which yields a sixth order characteristic polynomial
in Wavenumber (kj). Hence, the wave numbers can be obtained as
the roots of this polynomial, which is given by
ð1 rÞk6j  k2Lk4j  k4bk2j þ k2L k4b ¼ 0 ð21Þ
where a non-dimensional axial-ﬂexural coupling parameter is
introduced as
r ¼ B
2
11
A11D11
ð22Þ
and the fundamental wavenumbers corresponding to uncoupled
axial and ﬂexural modes are deﬁned, respectively, as
kL ¼ ðxn=caÞ; kb ¼ ðxn=cbÞ ð23Þ
Similarly for a Timoshenko beam, the governing PDEs are given as
(Mahapatra et al., 2000),
I0
@2u0
@t2
 I1 @
2/
@t2
 A11 @
2u0
@x2
þ B11 @
2/
@x2
¼ 0; ð24Þ
I0
@2w
@t2
 A55 @
2w
@x2
þ A55 @/
@x
¼ 0; ð25Þ
I0
@2/
@t2
 I1 @
2u0
@t2
þ B11 @
2u0
@x2
 D11 @
2/
@x2
 A55 @w
@x
þ A55/ ¼ 0; ð26Þ
and the associated boundary conditions are,A11
@u0
@x
 B11 @/
@x
¼ Nx; ð27Þ
A55
@w
@x
 A55/ ¼ Vx; ð28Þ
B11 @u
0
@x
þ D11 @/
@x
¼ Mx; ð29Þ
where Aij;Bij;Cij are given by Eq. (16) and
½I0; I1; I2 ¼
Z h=2
h=2
q½1; z; z2bdz: ð30Þ
Here, in Timoshenko beam, /ðx; tÞ is not equal to wðx; tÞ;x. Hence, in
addition to u0 andw, we have one more independent degree of free-
dom /ðx; tÞ, introduced into the formulation. This can be expressed
in discrete Fourier transform as,
/ðx; tÞ ¼
XN
n¼1
/^nðx;xnÞeixnt ¼
XN
n¼1
X6
j¼1
~/jeikjx
 !
eixnt ð31Þ
The procedure for obtaining the wavenumber for a Timoshenko
beam is similar to that of an Euler–Bernoulli beam (Mahapatra
et al., 2000). The basic difference is in the phase dispersion and
group dispersion of waves between these two beam models. That
is the evanescent mode of Euler–Bernoulli beam converts itself into
a propagating shear mode in Timoshenko beam at very high fre-
quency and this happens beyond a frequency called the cut-off fre-
quency, which is a function of material properties and is given by,
xcut-off ¼ 12p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A55
I2ð1 s22Þ
s
ð32Þ
s2 ¼
ﬃﬃﬃﬃﬃﬃﬃ
I21
I0I2
s
ð33Þ
After computing the wavenumbers at each sampling frequency (xn)
the explicit form of solution is given by
fu^g ¼
X6
j¼1
½R1jR2jR3jTf~ugeikjx ð34Þ
where R1j, R2j and R3j are the amplitude ratios for the jth mode of
propagation. These are derived from the characteristic equation.
(Gopalakrishnan et al., 2008).
Now, we discuss the basics of spectral beam element of ﬁnite
length L. Here, by using the explicit expression for displacement
ﬁeld given by Eq. (34), the nodal displacements are expressed in
terms of the wave coefﬁcients as
fu^g ¼ ½T^f~ug; ð35Þ
where fu^g ¼ fu^1w^1/^1u^2w^2/^2gT and f~ug ¼ f~u1 ~w1 ~/1~u2 ~w2 ~/2gT . [T^] is a
6 x 6 matrix unsymmetric, non-singular matrix, which is a function
of frequency material properties and dimension of the element. This
matrix represents the local wave characteristics of the
displacements.
Next, using the expressions for boundary condition (from Eqs.
(13) to (15) for simple beam and Eqs. (27) to (29) for Timoshenko
beam) the nodal forces are related to the wave coefﬁcients through
the force boundary conditions at the nodes and in the matrix nota-
tion, this can be written as
fF^g ¼ ½P^f~ug; ð36Þ
where the force vector fF^g ¼ fN1V1M1N2V2V2gT . Matrix [P^] has
properties that are similar to [T^] and it represents the local wave
Voltage
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rium equation is obtained as
fF^g ¼ ½P^½T^1fu^g ¼ ½K^fu^g; ð37Þ
where [K^] is the symmetric dynamic stiffness matrix for an unsym-
metric composite beam element as a complex function of fre-
quency. More details of spectral ﬁnite element method are given
in the reference (Gopalakrishnan et al., 2008).amplifier
PWAS in sensing state
PWAS actuator
Fig. 1. Schematic diagram of the experimental setup.4. Results and discussion
This section is divided into different subsections. In the ﬁrst
stage, we try to establish the accuracy of the spectral ﬁnite element
model coupled to modiﬁed rule of mixture model. Once the SFEM
model for the laminated composite porous beam is validated, we
need to establish the efﬁciency of the model, when coupled to
the major SFEM based damage detection schemes such as param-
eter estimation, wave scattering and damage force index (Gopala-
krishnan et al., 2008). First, the relationship between different
parameters in the wave propagation analysis with the parameter
porosity, is characterized. The analysis is performed, considering
the whole beam structure to be porous. The change in the group
speed and the corresponding variation in the time response, with
the change in the amount of porosity, are studied. The variation
in the time of arrival of ﬁrst reﬂection in the time response is used
as a parameter to obtain the porosity content in the beam struc-
ture, by solving an optimization problem. In the optimization prob-
lem, the responses obtained using the conventional ﬁnite element
method is used as surrogate experimental data. However, in a
practical scenario, when we consider a real structure, the whole
structure may not be porous. In a porosity estimation model using
the principal of wave propagation, the change in the length of the
porous region will deﬁnitely affect the wave responses. This im-
plies that there is a need to ﬁnd the length of the porous region
along with the amount of porosity. Hence, in the next study we
consider a portion of the beam to be porous and study the effect
of the variation of the wave response with the change in the length
of the region (with same percentage of porosity and also with dif-
ferent porosity, for different loading frequencies). The method of
wave scattering, for locating and quantifying the porosity content
in a composite beam structure, is described using the velocity re-
sponses obtained in this study. The effect of the porosity in such
a beam structure is also treated as damage and this damage is
quantiﬁed and located using the concept of damage force. In the
damage force method, the dynamic stiffness matrix of the refer-
ence healthy structure along with the nodal displacements of the
porous structure, is required to ﬁnd the region that have high
porosity.Table 1
Weight fraction, porosity constants and the volume fraction of the composite
laminate.
Sample Wf apm Vf Vm Vp
1 0.6648 0.076 0.5583 0.4105 0.0312
2 0.6725 0.1113 0.5585 0.3966 0.04494.1. Experimental setup
The schematic of the experimental setup is shown in Fig. 1. It
consists of a set of PZT wafers for transmitters and receivers, pre-
ampliﬁers to amplify the signal from the sensor and a NI-PXI
6115 data acquisition card. Using the analogue output channel of
the NI-DAQ card, a tone burst signal is generated to actuate the
piezo electric wafer active sensors (PWAS). The signal picked up
by the receiver PWAS is ampliﬁed and transferred to the computer
via. the NI-DAQ card. The PWAS sensors used are 10 mm in diam-
eter and 1 mm in thickness. The sensors are surface bonded to the
structure at a distance 200 mm from each other using phenyl-salic-
ylate salt. Labview software is used to ﬁlter the unwanted noise
from the signal.4.2. Validation of the model
In this section, the above model is validated, using the experi-
mental responses obtained from a composite laminate. Here, two
quasi-isotropic CFRP laminates having different porosity level in
the structure are considered for the study. Difference in porosity
is induced by varying the curing pressure. As the pressure is ap-
plied uniformly on the laminate, the distribution of pores is also as-
sumed to be uniform. Each layer has a length 0.5 m,
0.07  0.000148 m cross section and the material properties are,
qf ¼ 1:75 g=cm3, qm ¼ 1:2 g=cm3; Ef ¼ 230 GPa, Em = 5 GPa.
The composite stiffness is calculated as follows (Madsen et al.,
2009),
Ecomposite ¼ ðg0glV f Ef þ VmEmÞð1 VpÞ2 ð38Þ
where g0 is the ﬁber orientation efﬁciency factor, which is used to
address the resulting reduction in the contribution of ﬁber stiffness
to composite stiffness in the loading direction and gl is the ﬁber
length efﬁciency factor. The ﬁber orientation factor, g0 is given by
g0 ¼¼
X
aðiÞcos4hðiÞ ð39Þ
where, aðiÞ is the proportion of ith group of parallel ﬁbers to the total
amount of ﬁbers. hðiÞ is the angle of the ith group of parallel ﬁbers to
the loading direction. In this study, the value of this factor is 0.5 (for
a lay-up sequence, 45/45/0/90/0/0/90/0/45/45). The parameter
gl is considered as 1, since for composites with high L/D ratios,
the variations of gl is of minor importance in the calculations of
composite stiffness (Madsen et al., 2009).
The porosity in the structure is assumed to be matrix porosity.
The volume fraction of matrix, ﬁber and porosity is calculated,
using equations, Eqs. (1) to (3). Composite stiffness is calculated,
using Eq. (38). In this study, the porosity is assumed to be distrib-
uted uniformly through out the length of the beam (in the propa-
gation direction). Table 1 shows the weight fraction of ﬁber, matrix
correlated porosity constants (Ratio of volume fraction of porosity
to the volume fraction of matrix) and the volume fraction (ﬁber,
Table 2
Composite stiffness (GPa) and density (kg/m3) from the model and the experiment.
Sample Ecomposite
(model)
Ecomposite
(exp.)
qcomposite
(model)
qcomposite
(exp.)
1 62.1856 60.2213 1476.2 1462
2 60.3892 59.1074 1448.8 1457
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Fig. 2. Axial velocity response of the CFRP laminate for different porosity content
(a) porosity volume fraction = 3.12% and (b) porosity volume fraction = 4.5%.
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Fig. 3. Transverse velocity response of the CFRP laminate for different porosity
content (a) porosity volume fraction = 3.12% and (b) porosity volume
fraction = 4.5%.
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Table 2 shows the value of composite stiffness and composite den-
sity, calculated from the model and also from the experiments.
Even though, there is a small difference in the values of stiffness
and density simulated using the model with that of the experimen-
tal results, there is a close similarity in the trend in the variation of
these values with the variation in the porosity content of the struc-
ture. Hence, the results show that the model is able to predict the
variation of the material properties with the variation in the poros-
ity, quite reasonably. Further, the accuracy of the values seems to
be sufﬁcient in the context our objective to develop a simple dam-
age model for a porous laminated composite beam, which can be
easily coupled to the existing damage detection schemes using
SFEM. Next, we compare the velocity responses obtained experi-
mentally with the velocity response, using the model. Here, we
use a tone-burst signal, modulated at 200 kHz, in the case of axial
response and a modulated pulse of frequency, 50 kHz, in the case
of transverse responses, for the analysis. In the experiment, weselect a portion at the center of the laminate and the signal is prop-
agated through the laminate. Sensor is located at a point 200 mm
away from the actuator in the propagation direction (axial or X
direction). Similarly in the model, we simulate the CFRP laminate,
using a simple Euler–Bernoulli beammodel, explained in Section 3.
The spectral ﬁnite element method is used to obtain the responses,
where the modiﬁed rule of mixture model that includes the effect
of porosity is used into the model. Fig. 2 (axial velocity response)
and Fig. 3 (transverse velocity response), show that the velocity re-
sponses obtained from the model, matches well with the experi-
mental results. Hence, it is clear that the model captures the
effect of porosity in a structure in an excellent manner and further,
this model can be used to quantify the amount of porosity and lo-
cate the porous region, in a composite beam structure.4.3. Variation of group speeds and velocity responses with porosity
In the previous section, we have established the accuracy of the
model, in determining the high frequency responses of a porous
structure. In the next study, we perform a parametric study to
know the variation of group speeds and consequently the velocity
responses, as a function of porosity in a structure. In fact, before we
use the model for porosity quantiﬁcation, we need to characterize
the sensitivity of the velocity responses obtained from the model
with the variation in porosity content. An Euler–Bernoulli beam
is considered in the present study, which consist of 12 layers, with
0 0.5 1 1.5 2
x 105
1500
2000
2500
3000
3500
4000
Frequency (Hz)
G
ro
up
 s
pe
ed
 (A
xi
al
)(m
/s
)
Vp=0.491, Wf=0.929 Vp=0.0159, Wf=0.229
Vp=0.3272, Wf=0.729 Vp=0.0303, Wf=0.429
(a)
0 0.5 1 1.5 2
x 105
0
500
1000
1500
2000
2500
3000
3500
Frequency (Hz)
G
ro
up
 s
pe
ed
 (F
le
xu
ra
l) 
(m
/s
ec
)
Vp=0.0159, Wf=0.229
Vp=0.0303, Wf=0.429
Vp=0.3272, Wf=0.729
Vp=0.491, Wf=0.929
(b)
Fig. 4. Variation of group speed, with the increase in porosity (both below and above the transition point) (a) axial and (b) ﬂexural.
0 0.5 1 1.5
x 10−3 x 10−3
−0.2
0
0.2
0.4
0.6
0.8
1
1.2
Time (sec)
Fo
rc
e 
(N
)
0 2 4 6
x 104
0
1
2
3
x 10−5
Frequency (Hz)
Sp
ec
tra
l a
m
pl
itu
de
(a)
1 1.5 2 2.5 3
−1.5
−1
−0.5
0
0.5
1
1.5
2
Time (sec)
Fo
rc
e 
(N
)
0 2 4 6
x 104
0
0.5
1
x 10−4
Frequency (Hz)
Sp
ec
tra
l a
m
pl
itu
de
(b)
Fig. 5. Input force used in simulation. (a) Broad band pulse and (b) narrow band modulated (at 20 kHz) pulse.
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considered to be uniformly distributed through out the whole
length (in the propagation direction) of the beam, as in the previ-
ous example. Each layer has a length 0.3 m, 0.13  0.0002 m cross
section and the material properties are taken as in Madsen et al.
(2009), which is qf ¼ 1:6 g=cm3; qm ¼ 1:34 g=cm3;apf ¼ 0:081,
apm ¼ 0; Vfmax ¼ 0:466; Ef ¼ 58:6 ðGPaÞ; Em ¼ 2:7 ðGPaÞ.
Here, all the properties of the laminated composite beam, is ob-
tained using the equations given in Section 2. Once, the material
properties are derived, these properties are inputted in the spectral
element beam model and the responses are obtained and plotted.
The wavenumber of a composite beam depends on the material
properties and the geometric properties of the beam (Eqs. (21) to
(23)). Hence, the change in the material properties due to the
change in the porosity content, changes the wavenumber and also
the group speeds, which are directly related to wavenumber
(group speed Cg=dx=dk, where x is the frequency and k is the
wavenumber). In the application of wave propagation analysis in
structural health monitoring, the time of arrival of ﬁrst reﬂection
is an important parameter to determine the location of the dam-
age. The time of arrival of ﬁrst reﬂection in a time response is
the time gap between the incident pulse and the ﬁrst reﬂected
pulse and it directly depends on the group speeds. Here, the vari-ation of group speeds and the time responses are plotted in Figs. 4
and 6, respectively, as a function of change in the porosity and
weight fraction. Fig. 4 shows the variation of axial as well as ﬂex-
ural group speeds. For the assumed material properties, the poros-
ity at the transition point is 3.73%. We see from the plots that once
the weight fraction reaches transition point, there is a signiﬁcant
change in the group speeds (Fig. 4). This can be attributed to the
sudden increase in the porosity in the composite structure consid-
ered here, with the increase in weight fraction after the transition
point (porosity value at transition point is 3.73%), due to the inclu-
sion of an additional porosity phase, called structural porosity. The
velocity responses in the axial (Fig. 6(a)) and transverse direction
(Fig. 6(b)) are plotted, by applying impact load, with the variation
of porosity. Here, two different inputs are used for the study. First
is a broad band loading, whose FFT gives a frequency content of
35 kHz (Fig. 5(a)). This pulse is used in the case of axial wave prop-
agation. Flexural waves are highly dispersive in nature. This is due
to the dependence of group speeds of the waves on the frequency.
One of the ways to make signal travel non-dispersively in a beam is
to use a tone-burst modulated pulse (Fig. 5(b)). From the above re-
sults (Figs. 6(a) and (b)), it is obvious that there is a signiﬁcant var-
iation in the velocity responses with the change in the porosity
content in a composite structure, which is a direct consequence
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Fig. 7. Estimated porosity (Vp in percentage) using a axial velocity response
obtained from the structure.
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change the porosity content. Hence, in this work, the change in the
time of arrival of ﬁrst reﬂection due to the change in the porosity
content is used as a parameter to locate the porous region and also
to estimate the porosity content in structure.
4.4. Estimation of porosity
In this section, the spectral ﬁnite element model with modiﬁed
rule of mixture is used for ﬁnding the porosity content in a struc-
ture by treating the problem as a parameter identiﬁcation problem,
which is solved using a nonlinear optimization problem. The aim of
the study is to perform the inverse problem, that is to estimate the
porosity content using the measured velocity responses. The state-
ment of the problem is
min
q
XM
1
eiðqÞ2; q 2 RN
i.e., a function e: RN  RM is to be minimized in a least square sense.
The function is deﬁned as the difference between the experimen-
tally obtained response and the numerically simulated response.
The squared difference in the two responses represents the cost
function, which needs to be minimized, where the design variables
are the effective material properties obtained from the modiﬁed
rule of mixture model. N is the number of design variables for which
estimations will be obtained and M is the number of experimentaldata items. The recorded signal will be converted to frequency do-
main and optimization is performed at different frequencies. Leven-
berg–Marquardt algorithm (using, MINPACK library in FORTRAN) is
incorporated in the conventional spectral ﬁnite element code for
solving this non linear optimization problem. The tolerances in res-
idue and function values are set at 1.0  1009 for all estimations.
The variables are estimated for 8 frequency points, which cover
up to 6 kHz. In this section, the whole beam is considered to be
porous.
Here, ﬁrst the axial and transverse velocity response obtained
using the conventional ﬁnite element method is used as surrogate
experimental data, for comparison with the numerical model. The
material properties of the laminate used is same as in Madsen et al.
(2009) (which we used in the previous section). Figs. 7 and 8 shows
the porosity estimated by solving the optimization problem, using
the axial response and transverse response, respectively for two
different porosity levels. The estimated porosity is found to be
quite accurate using transverse response. This study emphasize
the fact that the porosity content in a laminated composite beam,
however small it may be, can be estimated using this model.
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Fig. 9. Schematic of the porous beam considered for the study in Section 4.5.
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In all the above studies, we considered the entire beam to be
porous. However, in an entire composite structure, usually a por-
tion of the structure may only have the porosity affected region.
In fact, even for the same percentage of porosity, the change in
the length of the porous region (especially, in the propagation
direction) may result in different wave responses, which will be
different compared to the responses obtained from a completely
porous (for same percentage of porosity volume fraction) structure.
In this section, we mainly study the variation in the velocity re-
sponses, with the variation of the length and the porosity content
of the porous region in a structure, for different loading frequen-
cies. Hence, a speciﬁed region in the beam is considered as porous,
while the rest of the beam is considered non-porous (Fig. 9). Wave
scattering technique is used to identify the porous region. The
main idea here is that the junction between porous and non-por-
ous region will induce an impedance mismatch, which will gener-
ate a small reﬂection that can be used to identify the porous
regions. The porous region is modeled using a spectral element
developed here, and the rest of the regions are modeled using
the conventional SFEM for composite structures (Mahapatra
et al., 2000). The analysis is performed for a cantilever carbon-0 0.5 1 1.5
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Fig. 10. Variation of the transverse response of the porous beam (Fig. 9, porosity region
volume fraction of porosity, 0.5%.epoxy laminated beam, same as we considered in the validation
section (Section 4.2). The entire beam is divided into three ele-
ments, two conventional spectral elements (to model healthy re-
gion) on both sides of the porous region and one porous spectral
element in the middle. The beam model considered for the study
is the Timoshenko beam model, which is explained in Section 3.
The load is applied at node 4 (Fig. 9) and the responses are ob-
tained for the same node.
In the ﬁrst study, we use a tone-burst pulse, which is modulated
at a particular frequency, to obtain the transverse responses for dif-
ferent cases. The FFT of this pulse has signiﬁcant energy only at the
modulated frequency and hence, the waves travel at a speed corre-
sponding to the modulated frequency. In fact, this helps the signal
to travel non-dispersively in a beam. This feature of the tone-burst
signal is helpful, when we deal with the wave propagation analysis
of dispersive ﬂexural waves, where the group speeds of the waves
depends on the frequency. Here, ﬁrst we analyze the effect of fre-
quency on the dispersive response, using the modulated signal.
Fig. 10 shows the transverse response of a 1.2 m long porous car-
bon-epoxy beam having a porous region of length 5 cm and the
volume fraction of porosity, 0.5%. The responses show no reﬂec-
tions from the porous region for a low frequency loading (5 and
15 kHz). The reﬂections from the porous region are visible, when2 2.5 3 3.5
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for a 30 kHz modulated pulse.
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Fig. 14. Transverse velocity response for the porous beam (Fig. 9, porosity region is
5 cm long) with the frequency content of the load, 200 kHz.
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monitoring using the principle of wave propagation, the size of a
defect has to be of the same size or larger than the wavelength
of the ﬂexural wave to be visible (Fallstrom, 1991). The dispersion
relation of the beam is shown, in Fig. 11. The speed of the beam
(transverse, axial and shear), at a particular frequency can be di-
rectly obtained from the dispersion relation and hence, the wave-
length (wavelength = speed of the wave/frequency of the load) of
the propagating wave can be obtained. In the present study, the
wavelength of the ﬂexural wave becomes equal to the length of
the porous region (5 cm) only when the frequency of the load be-
comes 30 kHz (Wave length = speed of ﬂexural wave at 30 kHz/
30,000 = 1500/30,000 = 5 cm). Increasing the frequency beyond
this value (30 kHz) reduces the wavelength, further. Hence, the
reﬂections from the porous region (length = 5 cm) can be seen in
the transverse responses, when the frequency of the load is
30 kHz or more. The inﬂuence of the wavelength on the transverse
response of a porous composite beam, is illustrated in Fig. 12
(using a 30 kHz modulated pulse). The transverse responses show
a signiﬁcant variation with the increase in the length of the porous
region from 1 cm to 5 cm, where the reﬂections from the porous
region is visible, only when the length of the porous region is
5 cm (equal to the wavelength). However, by increasing the porous
volume fraction from 0.5% to 5%, the reﬂections can be seen, even
with a 15 kHz modulated pulse (Fig. 13).In a Timoshenko beam, the shear mode also starts propagating
after a certain frequency, which is called the cut-off frequency and
the dispersion relation (Fig. 11) shows that the value of cut-off fre-
quency, for the composite beam considered in the present study, is
160 kHz. Increasing the frequency of the loading beyond the cut-
off frequency introduces the shear mode in the transverse re-
sponses (Eq. 25), even for a symmetric laminate, which is consid-
ered here. The presence of shear mode in the transverse response
of the porous composite beam is shown, for a tone- burst signal,
modulated at 200 kHz, in Fig. 14. Hence, in order to avoid the shear
mode, in the next study, we use a tone-burst pulse, modulated at
150 kHz (below the cut-off frequency), for obtaining the time re-
sponses as a function of the length of the porous region. The com-
posite beam used for this study is of 2 m long carbon-epoxy (same
as we used in Section 4.1) and the porosity volume fraction of the
porous region is 3%. The transverse velocity (Fig. 15) and the axial
velocity (Fig. 16) are plotted, to show the variation of these re-
sponses with the change in the length of the porous region.
Fig. 15 shows the transverse responses of the beam, where the
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Fig. 15. Variation in the transverse velocity response of a beam of 2 m length, with porosity content 3% and length of the porous region varying from 0 to 100 cm.
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Fig. 16. Variation in the axial velocity response of a beam of 2 m length, with
porosity content 3% and the length of the porous region varying from 0 to 100 cm.
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tions from the two ends of the porous region is visible in the trans-
verse response, which appears at different times due to different
time of ﬂight caused by different length of the porous region. Usu-
ally, in a non-porous cantilever beam structure, by applying the
tone-burst modulated impact load at the free end, the speed of
the wave can be obtained from the velocity responses as follows,
speed is equal to twice the length of the beam/time difference be-
tween the incident pulse and the pulse reﬂected from the ﬁxed
end. In Fig. 15, the incident pulse (at 0.55 ms) and reﬂected pulse
(at 3.4 ms) are having 2.85 ms time gap and the length of the beam
is 2 m. Hence, the speed of the transverse wave = 4/2.85 = 1403 m/
s. Similarly, from Fig. 16 the speed of the axial wave can be ob-
tained as 10,000 m/s (time gap between the reﬂections = 4 ms).
The speed of the propagating wave (ﬂexural and axial) is the speed
corresponding to the frequency, 150 kHz, in Fig. 11 and the wave
speeds (both axial and ﬂexural) are found to be equal to the values
predicted from the velocity responses. In the case of the beam,
where the length of the porous region is 1 m and the time gap be-
tween the two reﬂections from the two junctions between the por-
ous region and the non-porous region are, 1.45 ms, for the
transverse response and 0.2 ms, for the axial response. The speed
of the wave, when multiplied with the time gap between the
reﬂections, we can calculate the distance traveled by the wave,
which is equal to twice the length of the porous region (speed = t-
wice the length of the beam/time difference between the incident
pulse and the pulse reﬂected from the ﬁxed end). Hence, the length
of the porous region can be determined, however small it may be,
using the wave scattering technique. Similarly, using the velocity
responses, we can locate the porous region in a structure, if we
know the time gap between the incident pulse and the ﬁrst reﬂec-
tion from the porous region. Further, we can have an idea about the
severity of the porosity content in the region by looking at the
amplitudes of the reﬂection from the porus region (Fig. 13).
It is observed that the high frequency responses are required to
determine the low porous region in a composite structure. Com-
paring the transverse response (Fig. 15) and the axial response
(Fig. 16), we can see that the reﬂections from the porous region
are more visible in the case of axial responses. The model can be
used to locate the porous region in a structure and also to quantify
the amount of porosity in this region. In addition, it can be inferredthat the length of the porous region in a structure, however small it
may be, can be detected using the wave responses from the
structure.
4.6. Identiﬁcation of porous region using a damage force indicator
So far we have discussed the method of modeling porous struc-
tures and also to quantify the porosity content in it. In the previous
section (Section 4.5), we have seen that the wave scattering tech-
nique can be used to detect the length of the porous region in a
composite beam. In this section, we use some other technique,
which is in the frequency domain and ideally suited to the ap-
proach of frequency domain SFEM, to detect the effect of the poros-
ity content in the structure. The concept of damage force indicator,
which is being derived from the dynamic stiffness matrix of the
healthy structure along with the nodal displacements of the dam-
aged structure, can be used for ﬁnding the damages in a structure
(Gopalakrishnan et al., 2008). Here, the damage can be located
within the region of the sensing points. In the present spectral ﬁ-
nite element model, the porous region of any length, in a structure
can be modeled using a single spectral element. Hence, for the
damage force calculation, compared to the conventional FEM, this
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Fig. 17. Schematic of the porous beam considered for the study in Section 4.6.
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Fig. 18. Normalized damage force indicators for a composite beam of length 1 m with the length of porous region 10 cm and the porosity content varying from 3% to 6%.
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Here, the non-porous and the porous structural models are used
as surrogate experimental measurement, to compute the damage
force indicators. The damage force indicator can be deﬁned as,
Df^ ¼ K^hu^d  f^ d ð40Þ
where the subscript h stands for the healthy structure (non-porous)
and the subscript d stands for the porous structure. bKhðxnÞ is the
global dynamic stiffness matrix at each FFT sampling frequency
xn, which can be obtained using the standard ﬁnite element assem-bly for all spectral elements. Here, in the absence of sufﬁcient
experimental data, we assume f^ d ¼ bKdu^d. Here, bKd is the global dy-
namic stiffness matrix, at each FFT sampling frequency, of porous
beam and u^d is the displacement of the porous beam. The values
of vector Df^ , associated with the degrees of freedom (dofs) of the
damaged elements will be non-zero. The damage force indicator
vector d of length m (m is the total number of dofs in the model)
can be written as
di ¼
X
xn
jRiij; i 2 ½1;m n ¼ 1; . . . ;N ð41Þ
568 V. Ajith, S. Gopalakrishnan / International Journal of Solids and Structures 50 (2013) 556–569wherebRðxnÞ ¼ Df^Df^  ð42ÞbRðxnÞ is an m  m square matrix and Df^  is the transpose of the
complex conjugate of the Df^ . In this method, if the ith element is
porous, there will be non-zero diagonal entries in the bRðxnÞ, corre-
sponding to the dofs associated with the ith element and the rest of
the entries will be zero. Magnitude of these non-zero diagonal en-
tries will depend on the applied load, and the conﬁguration of the
porous element. Damage force indicator vector d is thus the sum
of absolute values of the diagonal entries in bRðxnÞ over all fre-
quency steps n = 1, . . .,N (N = Nyquist frequency in FFT).
In this study, the entire beam (Length 1 m) is modeled using 4
elements and the third element is considered as porous (Fig. 17).
The model considered, is a Timoshenko cantilever composite beam
model and there are total 12 dof for the system. The other proper-
ties of the beam, are same that we considered in the validation sec-
tion (Section 4.2). In the ﬁrst analysis, the porosity content in the
structure is varied from 3% to 6%, for a porous region of length
10 cm and in the next analysis, the length of the porous region in
the beam is varied from 10 cm to 70 cm. The value of damage force
(d) is normalized with respect to Max (d), separately for axial,
transverse and rotational dofs. A broad band load (Fig. 5(a)), is1
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Fig. 19. Normalized damage force indicators for a composite beam of length 1 m, porosiapplied at the free end. The plots of the normalized damage force
indicator, for a beam with 10 cm porous region, and with a change
in the percentage of porosity from 3% to 6%, is shown in Fig. 18. The
dofs corresponding to the porous element (in Figs. 18 and 19, dofs,
4 and 7 represent axial, 5 and 8 represent transverse and ﬁnally, 6
and 9 represent rotational.) show peaks and also, there is an in-
crease in the damage force indicator with the increase in the poros-
ity percentage (3–6). The plot also shows that the method of
damage force is capable of locating small porous region in the
structure. Similarly, in Fig. 19, we have plotted the change in the
normalized damage force with the change in the length of the por-
ous region. In a beam of 1 m length, the damage force shows a sig-
niﬁcant increase with the increase in the length of the porous
region, from 10 cm to 40 cm. There is also a major variation in
the damage force indicator, with the further increase in the length
of the porous region to 70 cm. These results show that the damage
force is very sensitive to the small changes in the porosity content
and the length of the porous region, in a composite beam structure.
Hence, however small the porosity content or the porous region
may be, the spectral models for the porous structures can be efﬁ-
ciently used for locating and quantifying the porous region in a
structure. These results are highly encouraging, from the perspec-
tive structural health monitoring.1
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ty content as 3%, and the length of the porous region varying from 10 cm to 70 cm.
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A spectral ﬁnite element model, which uses a modiﬁed rule of
mixture approach to include the effect of porosity in the modeling
of propagation of waves in structures, is developed to quantify and
locate the defect due to porosity in a composite beam structure.
The model shows an excellent match with the experimental re-
sults. The model is used to study, the variation of group speeds
and time responses, with the change in the porosity content in a
structure. It is observed that a signiﬁcant variation is observed in
both the group speeds and correspondingly in the time responses,
with the variation in porosity content of the structure. The prop-
erty of variation of time responses with porosity implies that this
can be used as a parameter for the estimation of porosity, by solv-
ing a non-linear optimization problem. The results of porosity esti-
mation show that the method is very efﬁcient and can be
effectively used for quantifying the porosity content in composite
structures, where the amount of porosity is very low. The change
in the wave responses with the length of the porous region (in
the propagation direction), shows that there is also a requirement
to ﬁnd the length of the porous region along with quantifying the
amount of porosity content in the structure. The study of the inﬂu-
ence of loading frequency on the determination of the porous re-
gion shows that the high frequency responses are needed for the
determination of low porous region. We can see that the reﬂections
from the porous region are more visible, in the axial velocity re-
sponses, compared to the transverse responses. In a composite
beam, the porous region can be located and its length in the prop-
agating direction of the wave can be found quite accurately, using
the wave scattering technique. The method of damage force indica-
tor is also found to be effective in locating the porous region and in
detecting the length of the porous region, since it shows signiﬁcant
variations, even with the small changes in the length of the porous
region. In general, we can conclude that the wave based method
discussed so far is very efﬁcient in sensing a minor change in the
stiffness of the structure caused due to porosity and in fact, this
feature of the model makes it very efﬁcient to estimate the poros-
ity content in a structure even though the amount of porosity con-
tent is very low.
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